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Abstract
Objectives—The aim of this study was to investigate the association between aortic root
remodeling and incident heart failure (HF).

Background—Age-associated increases in aortic root diameter (AoD) might be associated with
arterial stiffening, afterload changes, cardiac remodeling, and the development of HF.

Methods—The study sample consisted of participants of the Framingham Heart Study Original
and Offspring cohorts who underwent serial echocardiographic measurements of AoD and
continuous surveillance for new-onset HF. The AoD was measured at baseline, and the change in
AoD between 8-year examination cycles was calculated. Pooled repeated observations (total
13,605 person-observations) in multivariable Cox regression analyses were used to relate baseline
AoD and change in AoD to the incidence of HF on follow-up. Models were adjusted for known
HF risk factors (age, sex, body mass index, blood pressure, hypertension treatment, diabetes,
smoking, prior myocardial infarction, and valve disease).

Results—With adjustment for clinical risk factors, the risk of incident HF increased with greater
AoD at baseline (hazard ratio: 1.19/1 SD; 95% confidence interval: 1.07 to 1.33) as well as
increases in AoD over 8 years (hazard ratio: 1.20/1 SD; 95% confidence interval: 1.04 to 1.38).
The AoD correlated with left ventricular mass (r = 0.50; p < 0.001). After adjustment for left
ventricular mass in addition to clinical risk factors, the association of AoD with incident HF was
rendered nonsignificant.
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Conclusions—Aortic root remodeling is associated with future risk of HF among middle-aged
and older adults in the community, potentially because it reflects parallel ventricular-vascular
remodeling in those with an enlarged aortic root. Additional studies are warranted to confirm our
findings.
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aortic root; general community; heart failure; remodeling; risk

The proximal aorta remodels outwardly with advancing age (1). The age-associated increase
in aortic root diameter (AoD) is well-described in epidemiological studies (2,3), and age-
related underlying structural changes in the aortic wall (i.e., reduced elastin content and
increased collagen deposition) have been demonstrated in post-mortem studies (4,5). The
functional consequences of aortic root remodeling include increased proximal aortic
stiffness, because mechanical stresses are no longer buffered by arterial wall elastin and are
instead transferred to the less extensible collagen fibers (6). Arterial stiffening contributes to
increased ventricular afterload, adverse cardiac remodeling, and ventricular dysfunction—
factors that are strongly linked to the development of HF (1,7–9).

Few studies have examined the relationship between aortic remodeling and HF, and these
investigations have yielded mixed results. In the Cardiovascular Health Study, an enlarged
aortic root in the highest quintile was associated with increased risk for HF in men but not in
women (10). These cross-sectional data were potentially subject to reverse causality, and the
association of “longitudinal changes” in aortic root size on the incidence of HF has not been
previously assessed.

Accordingly, we investigated the association of baseline AoD as well as change in AoD over
an 8-year period, with incidence of HF in the community. We further evaluated whether
associations between baseline or change in AoD varied with the type of incident HF (heart
failure with preserved ejection fraction [HFPEF] vs. heart failure with reduced ejection
fraction [HFREF]). To achieve these aims, we used the unique resources of the FHS study
(Framingham Heart Study), where serial longitudinal echocardiographic characterization
and routine surveillance for HF are available in a large community-based sample. We
hypothesized that an enlarged aortic root at baseline, representing a marker of both increased
proximal aortic stiffness and increased ventricular afterload, might be associated with
increased risk of developing HF. We further hypothesized that a greater extent of aortic root
remodeling over time (i.e., a greater change in AoD) might be related to greater risk of
incident HF. Finally, we also hypothesized that an association between AoD and HF might
vary by the type of incident HF, because arterial remodeling and its coupling to ventricular
remodeling might differentially impact the development of HFPEF versus HFREF.

Methods
Details of the study sample and statistical analyses are provided in Supplementary Methods
in the Online Appendix. Briefly, the study sample included participants of the FHS Original
and Offspring cohorts undergoing routine serial transthoracic echocardiograms at the FHS
study (total 13,605 person-observations).

All echocardiograms were performed by trained technicians with standardized protocols. M-
mode echocardiographic images of the aortic root were obtained with 2-dimensional
echocardiographic guidance, and AoD was measured with the leading-edge to leading-edge
technique (11) without awareness of subsequent HF status. The AoD measurements were
highly reproducible (12). We further determined arterial stiffness (indexed by the ratio of
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pulse pressure to stroke volume [PP/SV]) and left ventricular (LV) structural characteristics
(relative wall thickness, LV mass) in each participant and defined LV hypertrophy as LV
mass ≥ sex-specific median.

All participants were under continuous surveillance for the development of HF, with each
event adjudicated by a panel of 3 physicians according to the Framingham HF criteria (13).
The ejection fraction closest to and preceding the date of a HF event was used to classify
incident HF as HFPEF (ejection fraction ≥45%) or HFREF (ejection fraction <45%), where
assessments of ejection fraction were eligible if performed after HF onset (e.g., during
hospital admission) or within 1 year before HF onset provided that no intervening
myocardial infarction occurred (14).

Results
Baseline characteristics

As shown in Table 1, pooling participants from the Original and Offspring cohorts provided
a sample with a wide age range (20 to 95 years), with a total of 13,605 person-observations
(in 6,493 unique subjects, 3,518 women) and 415 incident HF events for the analysis with
baseline AoD; 7,098 person-observations (in 4,523 unique participants, 2,434 women); and
228 incident HF events for the analysis modeling change in AoD.

Association of baseline AoD with incident HF
In the entire sample, higher mean baseline AoD was associated with increased risk of
incident HF (Table 2). This risk persisted after adjustment for clinical risk factors for HF,
including age, sex, body mass index, systolic and diastolic blood pressure, hypertension
treatment, diabetes mellitus, smoking, prior myocardial infarction, and valvular heart
disease. There was no effect modification by sex (p for interaction = 0.99). Excluding 314
individuals with valvular heart disease gave similar results (hazard ratio: 1.13/1-SD larger
baseline AoD; p = 0.018).

In the subset of participants with PP/SV, LV mass, and relative wall thickness measurements
(10,941 observations), the association between baseline AoD and incident HF remained
significant after adjusting for PP/SV or relative wall thickness in addition to clinical risk
factors (Table 2). However, after adjusting for LV mass, the association of baseline AoD
with incident HF (248 events) was rendered statistically nonsignificant. The AoD correlated
with LV mass (Pearson r = 0.50; p < 0.001). There was no significant interaction of AoD by
the presence versus absence of LV hypertrophy (p for interaction = 0.51).

Association of change in AoD with incident HF
A greater increase in AoD over 8 years was associated with increased risk of incident HF
(Table 3). This risk persisted after adjustment for clinical risk factors for HF and accounting
for potential interindividual relatedness and intraindividual repeated observations in our
sample (by cluster analysis). Exclusion of patients with valvular heart disease gave similar
results (hazard ratio: 1.20/1-SD increase in AoD over 8 years; p = 0.019). After adjusting for
LV mass in addition to clinical risk factors in the subset of participants with LV mass
measurements (5,633 observations, 79%), the association of change in AoD with incident
HF (135 events) was rendered statistically nonsignificant (Table 3). There was no significant
effect modification by the presence versus absence of LV hypertrophy (p for interaction =
0.56).
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Association of AoD with type of incident HF
In the entire sample, HF events were classified as HFREF in 238 cases, HFPEF in 122 cases,
and unknown in 55 cases. Upon adjustment for clinical risk factors for HF, increasing
baseline AoD was significantly related to an increased risk of HFREF, but the association
with HFPEF failed to reach statistical significance (Table 4). Similar trends were found for
the association between change in AoD and each type of HF. The tests for interaction
comparing the risks of HFREF versus HFPEF were not statistically significant in either
analyses (p = 0.51 and 0.67, respectively), indicating that the risk of HFPEF was similar to
the risk of HFREF with increasing baseline or change in AoD. Therefore, the failure to reach
statistical significance in the analyses for HFPEF was likely due to the modest number of
events.

Supplementary analyses
Recognizing that body mass index might not always relate to AoD (15), we repeated our
analyses adjusting AoD by height and found similar results (Online Table 1).

Discussion
In our community-based sample of middle-aged and older adults, a larger aortic root at
baseline was associated with increased risk of future HF. Furthermore, those with greater
aortic root dilation over an 8-year period experienced a greater risk of incident HF on
follow-up. The association of aortic root remodeling with HF persisted after adjusting for
clinical risk factors and did not seem to be specific for either HFPEF or HFREF. A greater
aortic root size was related to greater LV mass, suggesting the presence of parallel arterial-
ventricular remodeling in the progression to HF in those with a larger aortic root.

We recently described the trajectory of aortic root remodeling over the adult life course and
observed that gradual enlargement of the aortic root in community-based adults was
principally related to increases in age and body mass index and decreases in PP (16). We
had postulated that the extent of aortic root remodeling might carry implications for
development of future HF in our cohort and now demonstrate this association between a
larger AoD and incident HF in the present investigation. However, we observed, contrary to
our hypothesis of a differential impact on the risk of HF with preserved versus reduced
ejection fraction, that a greater AoD was associated with similarly increased risks of both
types of HF: the point estimates showed 20% to 22% increased risk of HFREF and 11% to
13% increased risk of HFPEF, for each 1-SD increase in baseline AoD or longitudinal
change in AoD (albeit not reaching statistical significance in HFPEF).

The relationship between aortic root size and HF was previously examined in the
Cardiovascular Health Study (10), where a larger aortic root dimension (in the highest
quintile) was associated with an increased risk of incident HF in men but not in women,
adjusting for other known risk factors for HF. It is unclear why this association was seen
only in men in that cohort. Reasons for the differences between the prior and current results
with regard to women might be related to the older age of participants or the presence of
black women in the Cardiovascular Health Study. The investigators reported in their
discussion that aortic root dimension was not selectively predictive of HF with reduced
systolic function in their study, but results for this specific analysis were not shown. The
association between AoD and HF was independent of the pattern of LV hypertrophy
(indicated by relative wall thickness) or degree of arterial stiffening (as estimated by the PP/
SV ratio) in our study, and there was lack of a differential association of AoD with the type
of HF (HFPEF vs. HFREF). These data suggest that the type of LV remodeling response
(concentric vs. eccentric) and hence the type of HF that ensues (HFPEF vs. HFREF) might
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be determined by factors other than aortic root remodeling. Indeed, prior studies have shown
that cardiac remodeling in response to increased afterload is highly influenced by factors
other than the degree of pressure overload, such as sex (17).

The correlation between aortic root size and LV mass, observed in both the Cardiovascular
Health Study (10) and our present study of Framingham participants, deserves mention.
These observations are consistent with the presence of combined arterial and ventricular
remodeling that is known to occur with aging (1) and is important for the preservation of
optimal ventricular-vascular coupling for maximal cardiac efficiency (18,19). The
association between aortic root dimension and HF persisted after adjusting for
electrocardiographic LV hypertrophy in the Cardiovascular Health Study (in men only) but
was attenuated after adjusting for echocardiographic LV mass in the present study. One
possible interpretation is that LV hypertrophy mediates the progression to HF in the
presence of aortic root remodeling. Postmortem studies have shown that there is increased
collagen and reduced elastin content in age-associated vascular remodeling (4,5), which
might contribute to increased LV afterload, a known trigger for LV hypertrophy. Although
these changes might occur with preserved ventricular-vascular coupling in “healthy” aging,
in “unsuccessful” aging there might be loss of optimal ventricular-vascular coupling, leading
to the development of decompensated HF (1,7–9). Alternatively, another potential
interpretation of our findings is that aortic remodeling is a marker rather than mediator of
increased afterload and that combined ventricular-vascular remodeling represents
compensatory mechanisms that fail to accommodate the increased loads at the onset of HF.

We acknowledge that aortic root measurement by the leading edge to leading technique
includes 1 thickness of the aortic wall (hence differences in measured AoD might represent
thickening of the aortic wall rather than increase in diameter per se). The PP/SV ratio is not
an ideal measure of arterial wall stiffness, but tonometry-based measurements were not
available at baseline in these participants. The observational nature of our study precludes
conclusions with regard to causality, and the generalizability of our findings to other races/
ethnicities is uncertain. Strengths of our study include the large community-based sample
and the availability of serial, standardized measurements, as well as systematic surveillance
and adjudication of outcomes.

Conclusions
Aortic root remodeling is associated with future risk of HF among middle-aged and older
adults in the community. Combined arterial and ventricular remodeling associated with
progression to HF might represent a valid target for the development of preventive
strategies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This work was supported by the National Heart, Lung and Blood Institute's Framingham Heart Study (Contract No.
N01-HC-25195) and the following Grant R01HL080124 (to Dr. Vasan). Dr. Lam is supported by a Clinician
Scientist Award of the National Medical Research Council of Singapore. Dr. Cheng is supported in part by grant
K99HL107642 and the Ellison Foundation. All other authors have reported that they have no relationships relevant
to the contents of this paper to disclose.

Lam et al. Page 5

JACC Heart Fail. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



References
1. Lakatta EG, Levy D. Arterial and cardiac aging: major shareholders in cardiovascular disease

enterprises: Part I: aging arteries: a “set up” for vascular disease. Circulation. 2003; 107:139–46.
[PubMed: 12515756]

2. Vasan RS, Larson MG, Levy D. Determinants of echocardiographic aortic root size. The
Framingham Heart Study. Circulation. 1995; 91:734–40. [PubMed: 7828301]

3. Segers P, Rietzschel ER, De Buyzere ML, et al. Noninvasive (input) impedance, pulse wave
velocity, and wave reflection in healthy middle-aged men and women. Hypertension. 2007;
49:1248–55. [PubMed: 17404183]

4. Virmani R, Avolio AP, Mergner WJ, et al. Effect of aging on aortic morphology in populations with
high and low prevalence of hypertension and atherosclerosis. Comparison between occidental and
Chinese communities. Am J Pathol. 1991; 139:1119–29. [PubMed: 1951629]

5. Schlatmann TJ, Becker AE. Histologic changes in the normal aging aorta: implications for
dissecting aortic aneurysm. Am J Cardiol. 1977; 39:13–20. [PubMed: 831420]

6. O'Rourke MF, Nichols WW. Aortic diameter, aortic stiffness, and wave reflection increase with age
and isolated systolic hypertension. Hypertension. 2005; 45:652–8. [PubMed: 15699456]

7. Cuspidi C, Meani S, Fusi V, Valerio C, Sala C, Zanchetti A. Prevalence and correlates of aortic root
dilatation in patients with essential hypertension: relationship with cardiac and extracardiac target
organ damage. J Hypertens. 2006; 24:573–80. [PubMed: 16467661]

8. Bella JN, Wachtell K, Boman K, et al. Relation of left ventricular geometry and function to aortic
root dilatation in patients with systemic hypertension and left ventricular hypertrophy (the LIFE
study). Am J Cardiol. 2002; 89:337–41. [PubMed: 11809439]

9. Kawaguchi M, Hay I, Fetics B, Kass DA. Combined ventricular systolic and arterial stiffening in
patients with heart failure and preserved ejection fraction: implications for systolic and diastolic
reserve limitations. Circulation. 2003; 107:714–20. [PubMed: 12578874]

10. Gardin JM, Arnold AM, Polak J, Jackson S, Smith V, Gottdiener J. Usefulness of aortic root
dimension in persons ≥65 years of age in predicting heart failure, stroke, cardiovascular mortality,
all-cause mortality and acute myocardial infarction (from the Cardiovascular Health Study). Am J
Cardiol. 2006; 97:270–5. [PubMed: 16442377]

11. Sahn DJ, DeMaria A, Kisslo J, Weyman A. Recommendations regarding quantitation in M-mode
echocardiography: results of a survey of echocardiographic measurements. Circulation. 1978;
58:1072–83. [PubMed: 709763]

12. Sundstrom J, Sullivan L, Selhub J, et al. Relations of plasma homocysteine to left ventricular
structure and function: the Framingham Heart Study. Eur Heart J. 2004; 25:523–30. [PubMed:
15039133]

13. McKee PA, Castelli WP, McNamara PM, Kannel WB. The natural history of congestive heart
failure: the Framingham study. N Engl J Med. 1971; 285:1441–6. [PubMed: 5122894]

14. Lee DS, Gona P, Vasan RS, et al. Relation of disease pathogenesis and risk factors to heart failure
with preserved or reduced ejection fraction: insights from the Framingham Heart Study of the
National Heart, Lung, and Blood Institute. Circulation. 2009; 119:3070–7. [PubMed: 19506115]

15. Agmon Y, Khandheria BK, Meissner I, et al. Is aortic dilatation an atherosclerosis-related process?
Clinical, laboratory, and transesophageal echocardiographic correlates of thoracic aortic
dimensions in the population with implications for thoracic aortic aneurysm formation. J Am Coll
Cardiol. 2003; 42:1076–83. [PubMed: 13678934]

16. Lam CS, Xanthakis V, Sullivan LM, et al. Aortic root remodeling over the adult life course:
longitudinal data from the Framingham Heart Study. Circulation. 2010; 122:884–90. [PubMed:
20713896]

17. Villar AV, Llano M, Cobo M, et al. Gender differences of echocardiographic and gene expression
patterns in human pressure overload left ventricular hypertrophy. J Mol Cell Cardiol. 2009;
46:526–35. [PubMed: 19639678]

18. Starling MR. Left ventricular-arterial coupling relations in the normal human heart. Am Heart J.
1993; 125:1659–66. [PubMed: 8498308]

Lam et al. Page 6

JACC Heart Fail. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



19. Sunagawa K, Sugimachi M, Todaka K, et al. Optimal coupling of the left ventricle with the arterial
system. Basic Res Cardiol. 1993; 88(2):75–90. [PubMed: 8147838]

Abbreviations and Acronyms

AoD aortic root diameter

HF heart failure

HFPEF heart failure with preserved ejection fraction

HFREF heart failure with reduced ejection fraction

LV left ventricular

PP pulse pressure

SV stroke volume
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Table 2
Relationship Between Baseline AoD and Incidence of All HF Over 8 Years

Baseline AoD

Model Number of Events HR (95% CI)/1 SD p Value

Adjusted for clinical risk factors for HF* 415 1.19 (1.07–1.33) 0.002

Adjusted for clustering† and clinical risk factors for HF* 415 1.19 (1.06–1.34) 0.004

Additional adjustment for arterial stiffness (Log PP/SV)‡ 248 1.19 (1.03–1.37) 0.018

Additional adjustment for LV mass‡ 248 1.05 (0.91–1.21) 0.48

Additional adjustment for relative wall thickness‡ 248 1.20 (1.04–1.37) 0.010

*
Clinical risk factors for heart failure (HF): age, sex, body mass index, systolic and diastolic blood pressure, hypertension treatment, diabetes

mellitus, smoking, prior myocardial infarction, and valvular heart disease.

†
With the sandwich variance estimator to adjust for repeated observations.

‡
Pulse pressure (PP)/stroke volume (SV), left ventricular (LV) mass and relative wall thickness measurements were available in 10,941

observations.

AoD = aortic root diameter; CI = confidence interval; HR = hazards ratio.
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Table 3
Relationship between Change in AoD and Incidence of all HF over 8 Years

Change in AoD

Model Number of Events HR (95% CI)/1 SD p Value

Adjusted for clinical risk factors for HF* 228 1.20 (1.04–1.38) 0.013

Adjusted for clustering† and clinical risk factors for HF* 228 1.20 (1.03–1.39) 0.023

Additional adjustment for LV mass‡ 135 1.14 (0.95–1.37) 0.17

*
Adjusted for baseline AoD and clinical risk factors for HF: age, sex, body mass index, systolic and diastolic blood pressure, hypertension

treatment, diabetes mellitus, smoking, prior myocardial infarction, and valvular heart disease.

†
With the sandwich variance estimator to adjust for repeated observations.

‡
Left ventricular mass was available in 5,633 observations.

Abbreviations as in Table 2.
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Table 4
Relationship between Baseline AoD or Change in AoD and Incidence of HFPEF versus
HFREF Over 8 Years

Baseline AoD Change in AoD

Type of HF Number of Events HR (95% CI)/1 SD* Number of Events HR (95% CI)/1 SD†

HFREF 238 1.20 (1.08–1.35) 152 1.22 (0.997–1.503)

HFPEF 122 1.13 (0.96–1.33) 55 1.11 (0.81–1.53)

p for interaction‡ 0.51 0.67

*
Adjusted for age, sex, body mass index, systolic and diastolic blood pressure, hypertension treatment, diabetes mellitus, smoking, prior

myocardial infarction, and valvular heart disease.

†
Adjusted for age, sex, body mass index, systolic and diastolic blood pressure, hypertension treatment, diabetes mellitus, smoking, prior

myocardial infarction, valvular heart disease, and baseline AoD.

‡
p value for comparison of risk of heart failure with preserved ejection fraction (HFPEF) versus heart failure with reduced ejection fraction

(HFREF).

Abbreviations as in Table 2.
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